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Exclusive measurements of the pp → ppπ0π0 reaction have been performed at CELSIUS/WASA at ener-
gies from threshold up to T p = 1.3 GeV. Total and differential cross sections have been obtained. Here we
concentrate on energies T p  1 GeV, where the  excitation becomes the leading process. No evidence
is found for a signiﬁcant ABC effect beyond that given by the conventional t-channel  excitation. This
holds also for the double-pionic fusion to the quasibound 2He. The data are compared to model predic-
tions, which are based on both π- and ρ-exchange. Total and differential cross sections are at variance
with these predictions and call for a profound modiﬁcation of the ρ-exchange. A phenomenological mod-
iﬁcation allowing only a small ρ-exchange contribution leads to a quantitative description of the data.
© 2010 Elsevier B.V. Open access under CC BY license.Two-pion production in nucleon–nucleon collisions connects
ππ dynamics with baryon and baryon–baryon degrees of freedom.
In the special case that the participating nucleons fuse to a bound
nuclear system, there is the puzzling ABC effect, which stands for
a low-mass enhancement in the isoscalar ππ invariant mass spec-
trum. At hand of our recent exclusive and kinematically complete
experiments on this topic we have discussed this phenomenon in
terms of a  mediated isoscalar resonance in the baryon–baryon
system as source for this peculiar ABC effect [1–3].
By contrast the isovector ππ channel in double-pionic fusion
behaves regularly, our data on this channel show no ABC effect
and follow the expectations from conventional t-channel  cal-
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Open access under CC BY license.culations [4]. Also in the two-pion production to unbound nuclear
systems the ABC effect was thought to be absent. However, a very
recent inclusive measurement of the reaction pp → ppX , where
X stands for ejectiles not detected in the experiment, reports evi-
dence for an ABC effect also in this case [5].
A recent isospin decomposition [6] of the total cross sections
measured in the reactions pp → ppπ+π− , pp → ppπ0π0, pp →
pnπ+π0 and pp → nnπ+π+ reveal these two-pion production
channels to be dominated by excitation and decay of resonances.
In particular the N∗(1440) dominates at energies close to thresh-
old and the  system and possibly the (1600) at higher inci-
dent energies. The latter is supposed to contribute primarily to the
pp → nnπ+π+ and also to the pp → pnπ+π0 channel.
In view of the much debated interpretation [2] offered for the
ABC effect in isoscalar ππ channels in case of double-pionic fu-
sion and the reported evidence in the inclusive pp → ppX reaction
116 T. Skorodko et al. / Physics Letters B 695 (2011) 115–123Fig. 1. Total cross sections for the pp → ppπ0π0 reaction. Data are represented by
open (bubble chamber data, Refs. [17,18]) and ﬁlled symbols (WASA data, Refs. [6,
13]). Note that for the latter statistical and absolute normalization errors are mostly
within the size of the symbols. The dotted lines show the original calculation of
Ref. [7]. The dashed, dash-dotted and solid lines are calculations with modiﬁcations
described in the text.
it appears mandatory to study the isoscalar ππ production with
exclusive and kinematically complete measurements in the case,
where the two participating nucleons do not fuse into a ﬁnal nu-
clear bound system. Among the two possible choices, the ppπ+π−
or the ppπ0π0 channel, the latter one is especially appealing,
since it contains no ππ isovector contributions, only isoscalar and
isotensor parts with the isoscalar part being the by far dominating
one [6].
From previous work it is known that the pp → ppπ+π− and
pp → ppπ0π0 reactions in the near-threshold region are well un-
derstood as being dominated by excitation and decay of the Roper
resonance [7–10]. At higher energies theoretical calculations [7]
predict the t-channel  excitation to play the dominant part.
These calculations are compared in Figs. 1–5 with the differential
and total cross section data for the pp → ppπ0π0 reaction ob-
tained in this work.
Since there have been no exclusive measurements of the pp →
ppπ0π0 channel in the energy region of interest, we have carried
out a systematic program of exclusive two-pion production mea-
surements in pp collisions from threshold up to T p = 1.36 GeV us-
ing the WASA detector [11] with the hydrogen pellet target system
at the CELSIUS storage ring of the Svedberg Laboratory in Uppsala.
The detector has nearly full angular coverage for the detection of
charged particles and photons. The forward detector consists of a
thin-walled window plastic scintillator hodoscope at the exit of the
scattering chamber, followed by straw tracker, plastic scintillator
quirl and range hodoscopes, whereas the central detector com-
prises an electromagnetic calorimeter consisting of 1012 CsI (Na)
crystals, and in its inner part a plastic scintillator barrel surround-
ing a thin-walled superconducting magnet containing a mini drift
chamber for tracking.
Neutral pions were reconstructed from photons detected and
identiﬁed in the central detector. The hardware trigger was set to
two (or more) neutral tracks (per event) detected in the central
detector and two (or more) charged tracks in the forward detec-
tor. The π0π0 channel was selected by requiring four detected
photons. All possible two-by-two combinations were considered
for the reconstruction of the π0π0 system with the optimal one
being selected as the correct one. A sample Lego plot of Mγ γ ver-
sus Mγ γ is shown in Fig. 2 of Ref. [12]. As seen from that ﬁgurethere is essentially no background from other reactions. Protons
are detected in the forward detector and identiﬁed by the E–E
technique. Since the forward detector cone does not cover the full
kinematic angular range for protons at high incident energies, the
detection eﬃciency for protons at medium center-of-mass (cms)
angles is reduced. This introduces systematic uncertainties in par-
ticular in the proton angular distribution. Since due to the identity
of the two incident particles, the angular distributions have to be
symmetric about 90◦ , the observed asymmetries about 90◦ (see
Figs. 4 and 5) may serve as a measure of such systematic errors
in the data. We estimate the systematic uncertainties due to this
deﬁciency of full phase space coverage by using various model cal-
culations in the Monte Carlo simulations of the detector response
and acceptance corrections. The estimated systematic uncertainties
are shown by dark-shaded histograms in Figs. 2–5.
Since all ejectiles have been identiﬁed in the experiment and
their four-momenta measured, a kinematic ﬁt with 6 overcon-
straints (including the constraints that each of the photon pairs
has to result in the π0 mass) has been carried out.
The absolute normalization of the data has been achieved by
a simultaneous measurement of elastic scattering and/or single-
pion production, for which the cross sections are known. Since in
particular the single-pion production cross sections are not known
better than to an accuracy of 20%, this uncertainty transmits also
to the cross sections deduced for the pp → ppπ0π0 reaction. For
further details of the data analysis like acceptance and eﬃciency
corrections see, e.g. Refs. [4,6].
Experimental results for the low-energy range T p < 1 GeV have
been published [10] in connection with the discussion of the prop-
erties of the Roper resonance. In addition close-to-threshold re-
sults from previous PROMICE/WASA measurements are given in
Ref. [13]. Preliminary and intermediate results from the data anal-
ysis of this work have been presented in a number of conference
proceedings [12,14–16].
The total cross section data from this work have been pub-
lished already [6] in connection with the isospin decomposition of
two-pion production data. They are shown in Fig. 1 together with
previous bubble-chamber results [17,18]. The total cross section
keeps rising from threshold up to T p ≈ 1 GeV, where it levels off
and proceeds only slowly rising until 1.2 GeV. Thereafter it contin-
ues steeply rising until 1.5 GeV, where it ﬁnally levels off again –
see Fig. 3 in Ref. [6]. As has been demonstrated [6], the low-energy
structure is due to the Roper resonance, whereas the renewed rise
at higher energies can be associated with the dominance of the
 excitation.
In Figs. 2–5 we exhibit a selection of eight distributions, which
are most signiﬁcant with regard to their physics content. Note
that for a four-body reaction with unpolarized beam and target
there are seven independent single differential distributions. For
T p = 1.0,1.1,1.2 and 1.3 GeV differential distributions are shown
for the invariant masses Mπ0π0 , Mpπ0 , Mppπ0 , the opening an-
gle between the two pions δπ0π0 , the proton angle Θp , the π
0
angle Θπ0 , the angle of the π
0π0 system Θπ0π0 – all in the
cms – as well as the π0 angle in the π0π0 subsystem (Jackson
frame).
In Figs. 2–7 the data are compared to pure phase space dis-
tributions as well as to calculations of Ref. [7] with and without
modiﬁcations as will be discussed in the following. As a conven-
tion we show all theoretical model distributions normalized to the
experimental total cross section, i.e. to the same area in the differ-
ential distributions. This is because we are interested here in the
shape of the differential distributions. The comparison with the ab-
solute total cross sections is done in Fig. 1, where also the factors
used the renormalization of theoretical differential cross sections
can be easily read off.
T. Skorodko et al. / Physics Letters B 695 (2011) 115–123 117Fig. 2. Distribution of the π0π0 invariant mass Mπ0π0 (left) and the π
0π0 opening angle δπ0π0 (right) for the pp → ppπ0π0 reaction at beam energies T p = 1.0,1.1,1.2
and 1.3 GeV (from top to bottom). Solid dots represent the experimental results of this work. The light-shaded areas denote phase space distributions and dark-shaded
histograms systematic uncertainties. The dotted lines show the original calculation of Ref. [7]. The dashed, dash-dotted and solid lines are calculations with modiﬁcations
described in the text. All calculations are normalized in area to the data.
118 T. Skorodko et al. / Physics Letters B 695 (2011) 115–123Fig. 3. Same as Fig. 2 but for the distributions of the invariant masses Mpπ0 (left) and the Mpπ0π0 (right) for the pp → ppπ0π0 reaction at beam energies T p = 1.0,1.1,1.2
and 1.3 GeV (from top to bottom).
T. Skorodko et al. / Physics Letters B 695 (2011) 115–123 119Fig. 4. Same as Fig. 2 but for the distributions of the cms angles Θp (left) and the Θπ0 (right) for the pp → ppπ0π0 reaction at beam energies T p = 1.0,1.1,1.2 and 1.3 GeV
(from top to bottom).
120 T. Skorodko et al. / Physics Letters B 695 (2011) 115–123Fig. 5. Same as Fig. 2 but for the distributions of the angle of the π0π0 system in the cms Θπ0π0 (left) and the π
0 angle in the π0π0 subsystem Θπ
0π0
π0
(right) for the
pp → ppπ0π0 reaction at beam energies T p = 1.0,1.1,1.2 and 1.3 GeV (from top to bottom).
T. Skorodko et al. / Physics Letters B 695 (2011) 115–123 121Fig. 6. Differential distributions at T p = 1.3 GeV for the 2He scenario. Top left: Mpp spectrum for the full phase space (only low-mass part shown). The distributions for
Mπ0π0 (top right), Mpπ0 (bottom left) and Θπ0π0 (bottom right) are plotted with the
2He condition Mpp < 2mp + 10 MeV (vertical line in the Mpp spectrum). The drawn
lines represent calculations as described in the caption of Fig. 2 and text. The shaded areas show the phase space distributions.
Fig. 7. Mπ0π0 spectra at T p = 1.1 and 1.4 GeV for the 2He condition Mpp < 2mp + 3 MeV and the ANKE angular constraints cosΘpp > 0.95 with Θpp = 180◦ − Θπ0π0 and
Θ labp  12◦ . The solid dots represent the ANKE data [5] and the drawn lines calculations as described in the caption of Fig. 2 and text. The shaded areas show the phase
space distributions.We see that many of the experimental differential distributions
are not far from the phase space distributions. With regard to
angular distributions signiﬁcant deviations from isotropy are ob-
served only for the Θp and δπ0π0 distributions. The ﬁrst one is
largely characterized by the t-channel exchange as demonstrated
in Ref. [8], whereas the latter one is strongly correlated with the
Mπ0π0 spectrum as discussed in some detail in Ref. [9]. In fact,
we observe some deviations from phase space also for the Mπ0π0
spectrum as will be discussed below. However, really large devia-
tions from phase space are observed in spectra, which are corre-lated with  excitation: Mpπ0 , Mpπ0π0 and Mppπ0 . The peaks in
all these invariant mass spectra build up increasingly with increas-
ing energy and reﬂect the increasing excitation of the  system,
the resonance maximum of which is reached at T p ≈ 1.3 GeV, i.e.
the highest energy considered in this work. The Mpp spectrum,
a sample of which is shown in part in Fig. 6, is kinematically com-
plementary to the Mπ0π0 spectrum.
Next we confront the data with model predictions [7] of the
Valencia group and subsequent modiﬁcations of the original calcu-
lations. The dotted lines in Figs. 1–5 show the original predictions,
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measured distributions – in particular in the Mπ0π0 and δπ0π0
spectra. For the Mπ0π0 spectrum these calculations predict a kind
of double-hump structure with a large enhancement at high invari-
ant masses, which is absent in the data. With regard to the π0π0
opening angle δπ0π0 these calculations predict a preferential an-
tiparallel emission of the two pions, which again is not supported
by the data.
The predicted double-hump structure is reminiscent of similar
predictions for the ABC effect in the double-pionic fusion. There
a double-hump structure has been predicted [19–21] based on a
t-channel  excitation – with some of such calculations [22,23]
emphasizing a particular strong high-mass enhancement. By con-
trast exclusive and kinematically complete measurements of the
isoscalar double-pionic fusion ﬁnd only a huge low-mass enhance-
ment, but no or no signiﬁcant high-mass enhancement [1,2,24]. As
already mentioned above our data for the Mπ0π0 spectrum are in
qualitative agreement with phase space, i.e. we observe neither a
spectacular low-mass enhancement (ABC effect) nor a spectacular
high-mass enhancement.
In order to shed some light on the failure of the theoretical
predictions, we modify the original calculations step by step by
implementing the knowledge accumulated meanwhile about the
role of the Roper resonance, which governs the near-threshold re-
gion (T p < 1 GeV). From the analysis of the data at T p = 0.775
and 0.895 GeV [10] we obtain a value for the relative branch-
ing between the decay via the  resonance, i.e. N∗ → π →
N(ππ)I=l=0 and the direct decay N∗ → N(ππ)I=l=0, which is four
times smaller than that quoted in PDG [25] and used in Ref. [7],
but in agreement with a recent analysis of data on pion- and
photo-induced pion production on the nucleon [26] and also with
near-threshold π+π− production measured at COSY-TOF [27]. Up-
dating the model calculations with this new branching for the
Roper decay (dashed lines in Figs. 1–5) leads not only to a quan-
titative description of the data for T p < 1 GeV [10], but also to
a considerable improvement in the description for T p  1 GeV,
though there are still substantial deﬁciencies in the Mπ0π0 and
δπ0π0 distributions.
Next we readjust the total strength of the Roper excitation ac-
cording to the results from the isospin decomposition [6] of the
total two-pion production cross sections. That way we force the
calculations to also reproduce the total cross sections in the en-
ergy regime, where Roper excitation and decay is of relevance.
The outcome of this modiﬁed calculation is shown in Figs. 1–5
by the dash-dotted lines. We now get a good description of the
data at T p = 1.0 GeV. However, deviations from the data still in-
crease with increasing beam energy. In particular, because the
last modiﬁcation increased strongly the dominance of  exci-
tation for T p > 1 GeV, we obtain pronounced double-hump and
parabolic structures, respectively, in the Mπ0π0 and δπ0π0 distri-
butions.
Since these failures are now intimately connected to the treat-
ment of the  excitation, further improvements have to be
sought in a modiﬁcation of this process. As demonstrated already
in Ref. [9], double-hump structures in Mπ0π0 spectra are generated
by a k1 · k2 term, where k1 and k2 denote the 3-momenta of the
two emitted pions. In the description of the  process we ﬁnd
indeed such a k1 · k2 term associated with the by far dominating
ρ-exchange (see Eq. (A.10) in Ref. [7]). In a recent theoretical work
on two-pion production Cao, Zou and Xu [28] ﬁnd that, in contrast
to Ref. [7], ρ-exchange is small compared to pion-exchange. Trig-
gered by this ﬁnding and in view of our problems to describe the
data within the context of Eq. (A.10) in Ref. [7], we investigated
the possibility to achieve a reasonable description of the data by
decreasing the coupling strength of ρ-exchange – and to give thusa hint, in which direction a proper theoretical treatment has to
proceed.
In fact, we ﬁnd a quite reasonable description1 of the data by
reducing the coupling strength of the ρ-exchange (A.10) of Ref. [7]
by an order of magnitude. The solid lines in Figs. 1–5 show our
calculations with the ρ coupling strength reduced by a factor of
12 and reversed in sign. Note that now the ρ-exchange is only
a small correction to the leading π -exchange, i.e., the solid lines
represent essentially the π -exchange result.
As mentioned in the introduction the striking feature in the en-
ergy dependence of the total cross section is its slow rise between
T p = 1.0 and 1.2 GeV, which is reproduced neither by the original
calculations of Ref. [7] nor by the more recent ones of Ref. [28].
The primary reason for that failure is that in both calculations the
Roper excitation keeps rising beyond T p = 1.0 GeV, which is at
variance with the ﬁnding from the isospin decomposition [6]. As
pointed out above the differential cross sections require the Roper
excitation to be cut down, too – in accordance with the isospin de-
composition result. Hence, accounting for the latter and using the
modiﬁed  description we succeed in obtaining a quantitative
description for the total cross section, too.
Since obviously ρ-exchange is of minor importance in two-pion
production to unbound nuclear states, we may expect a similar
situation for the two-pion production to bound nuclear states,
i.e. double-pionic nuclear fusion. In fact, ρ-exchange dominated
t-channel  calculations [22] predict also for this case a pro-
nounced double-hump structure in isoscalar ππ -invariant mass
spectra – which again is not observed. Instead, a copious low-mass
enhancement (ABC effect) is found, which we recently [2] have as-
sociated with the formation of an isoscalar resonance via a 
doorway in the pn → dπ0π0 reaction. Though such an isoscalar
resonance cannot contribute to the isovector pp → ppπ0π0 chan-
nel, we may investigate here the so far unsettled question, whether
in the production of an isoscalar pion pair the ABC effect is corre-
lated strictly with a fused isoscalar nucleon pair or also with an
isovector nucleon pair. Unfortunately, there is no bound state in
the basic isovector NN system. However, in Ref. [5] the appealing
idea has been put forward that one could look for a quasibound
2He double-pionic fusion process in the reaction pp → ppππ by
requiring that the emitted protons have very small kinetic rela-
tive energies. In Ref. [5], which presents and discusses COSY-ANKE
data for the inclusive reaction pp → ppX , this requirement was
achieved by the condition Mpp  2mp + 3 MeV.
Complementary to the ANKE experiment, which focuses on a
very small angular region, the WASA experiment covers the full
angular region for this quasibound 2He scenario. However, due to
our limited statistics we lose nearly all events, if we apply the
above Mpp cut. Therefore, in order to have acceptable statistics
and also to account for our ﬁnite energy resolution of ≈ 3 MeV,
we relax the above constraint to Mpp  2mp +10 MeV. On basis of
the model calculation we ensure that the change in the cut from a
3 MeV to a 10 MeV range does not change the results in a quali-
tative manner.
In Fig. 6 we show for T p = 1.3 GeV – the energy, where the
 process is most obvious in our data – the Mpp spectrum to-
gether with the indicated cut as well as the Mπ0π0 , Mpπ0 and
Θπ0π0 spectra resulting from this cut. In order to focus on small
masses we plot this spectrum only in the low-mass range in Fig. 6.
1 For simpliﬁcation, compared to Eq. (22) of Ref. [7], we use the longitudinal
and transversal exchange contributions to be given purely by π - and ρ-exchange,
respectively, and also drop the monopole meson form factors. We also use the rel-
ativistic corrections as in Refs. [19,28] by taking the momenta of the pions from
the  decay in the corresponding  systems and correcting them by the Blatt–
Weisskopf barrier factors as given by Pilkuhn [29].
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 process to be the dominating process in the 2He case, too. The
constrained Mπ0π0 spectrum is compatible with some high-mass
enhancement as expected from the pioneering work of Risser and
Shuster [19] on the production of an isoscalar pion pair via the 
excitation in the double-pionic fusion mediated by π -exchange.
The solid lines, which represent the modiﬁed theoretical descrip-
tion of the pp → ppπ0π0 reaction, give a reasonable description
for this constrained phase space scenario. On the contrary, the bro-
ken lines exhibit a very pronounced double-hump structure in the
Mπ0π0 spectrum due to the dominance of the ρ-exchange in these
calculations. This behavior is clearly at variance with the data. The
Θcmππ angular distribution points to some sizable d-wave contribu-
tion, which is in support of the respective ansatz in Ref. [5].
Finally we compare our calculations to the COSY-ANKE data in
Fig. 7 by restricting the calculations further to the angular range
covered by the ANKE experiment, which is cosΘpp > 0.95 with
Θpp = 180◦ − Θπ0π0 and Θ labp  12◦ . We obtain an essentially
quantitative agreement with the data at T p = 1.1 and 1.4 GeV
using the modiﬁed model description, whereas the ρ-exchange
dominated calculations again give a double-hump structure in vast
disagreement with the data.
Summarizing, we have presented ﬁrst exclusive and kinemat-
ically complete measurements of the  system excited in the
pp → ppπ0π0 reaction. The data are well described by a conven-
tional t-channel  calculation, where the ρ-exchange contribu-
tion is strongly reduced compared to that in Ref. [7]. The same
holds for the subset of data, which corresponds to the double-
pionic fusion to a quasibound 2He nucleus. No evidence is found
for a signiﬁcant low-mass enhancement in the Mπ0π0 spectra (ABC
effect) beyond that given by the conventional t-channel  exci-
tation process. The new data sets should serve as a signiﬁcant test
case for theoretical treatments of multipion production.
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